Objectives: To estimate the total (CV t ), within-subject (CV w ) and between-subject (CV b ) variation in free-living energy expenditure as measured by the doubly-labelled water (DLW) technique. To examine the limitation of the DLW measurement of energy expenditure for evaluating reported energy intake. To estimate the probable minimum and maximum`habitual' energy expenditures for a sustainable lifestyle. Design: Review and analysis of individual data from 25 studies with repeat DLW measurements of energy expenditure (EE). Results: Pooled mean CV w derived from 21 studies was 11.8% for EE and 12.3% for physical activity level (PAL). Multiple regression analysis of CV w in 25 studies found a positive association with time span between measurements. At zero time CV w for EE was 8.2% rising to 9.6% at 13 weeks and 15.4% at 52 weeks. At the same time points CV w for PAL was 9.1%, 10.0% and 13.4% respectively. Pooled mean CV t was 13.0% for EE and 10.7% for PAL. CV b calculated from pooled mean CV t and CV w was 20.6% for EE and 7.2% for PAL. 95% con®dence limits of PAL in 11 age ± sex groups averaged 1.2 to 2.2. Conclusions: The analysis supported previous estimates of 8% for within-subject variation in DLW measurements including analytic plus inherent biologic variation. Variation that included changes in weight, season and activity increased with increased time between measurements to about 15% at a time span of 12 months. Con®dence limits of agreement between EE and reported energy intake were estimated to range from AE 15% to AE 32%. Estimates of the range of usual EE for normally active persons ranged from 1.3 to 2.2. Descriptors: energy expenditure; doubly-labelled water; within-subject variation European Journal of Clinical Nutrition (2000) 54, 386±394
Introduction
The doubly-labelled water (DLW) technique for measuring free-living energy expenditure (EE) over a period of typically 7 ± 14 days incorporates short term day to day variation in activity, including differences between weekdays and weekends. However, a 14-day period cannot account for seasonal variation, variable leisure activity, intermittent employment or other situations that change EE with time. A random sample of individuals will inevitably select some in a period of relatively low activity and some in a period of relatively high activity, and thus single measurements may not represent`habitual' EE. Withinsubject variation in DLW EE has been investigated in freeliving young men (Goran et al, 1993) , in young men with imposed totally sedentary conditions (Goran et al, 1994) , and in female nutritionists (Schoeller & Hnilicka, 1996) . Schoeller & Hnilicka (1996) also reviewed data from 15 other studies. However, all these authors were primarily interested in the experimental reliability of the DLW technique and in factoring out the variation due to changes in activity. The aim of the present paper was to determine the within-subject variation under ®eld conditions including altered activity. It reviews 25 DLW studies with repeat measures of DLW EE and examines the total (CV t ), between-subject (CV b ) and within-subject (CV w ) variation.
The second aim of the present paper was to estimate the range of usual activity levels as determined from repeated DLW measurements. A previous analysis of DLW studies sought to establish the minimum and maximum EE compatible with normally active lifestyles. Within each of six age ± sex groups individual EE expressed as EE:BMR (referred to as physical activity level or PAL) varied considerably with an average coef®-cient of variation of 15 ± 16%. That analysis used a single measurement from each individual, and where repeat measures were available, only one value was taken. Thus the range of PAL values found may have been greater than if subject means from repeated measurements had been available.
The DLW measurement of energy expenditure provides an external biomarker for evaluating the validity of dietary reports. It has uncovered a substantial bias towards underestimation of reported energy intake (EI rep ) (Black, 1997; Black et al, 1985; Black et al, 1993; Schoeller, 1990) . A recent summary of DLW studies with measurements of both EI and EE found that in 44 studies, 35 out of 56 subgroups (men and women separately) had a reported mean EI more than 10% below the mean EE, whereas only one group had a mean EI more than 10% above mean EE (Black, 1999) . The mean EI:EE ratio was 0.84 (SD 0.25) . These ®gures show only the overall bias at group level. In order to investigate the sources and causes of bias, it is necessary to identify those individuals who have provided biased reports. The direct comparison of EI with DLW EE assumes that EI measures`habitual' EI and DLW EE measures`habitual' EE and that a ratio of EI:EE of 1.0 is expected. However, normal day to day variation in EI and normal variation in EE mean that exact agreement is unlikely. This paper also explores the con®dence limits of agreement between EI and DLW EE, and thus the limitations of DLW EE for identifying biased reports of EI at the individual level.
Methods

Subjects
Twenty ®ve studies with two or more measurements per subject of EE by doubly-labelled water and for which individual data have been published or were made available were included. Three studies were included twice providing a CV w from two measurements at similar weight and physiological status (Studies 1, 2, and 4 in the tables) and a CV w from ®ve or more measurements at varying weight or changed physiological status (Studies 19, 22, and 23 in the tables). The 25 studies yielded 249 subjects with a total of 736 EE measurements. Details of the studies are given in the Appendix. The age ± sex distribution of the subjects is given in Table 1 . They were predominantly in the age range 20 ± 40 y. The number of measurements per subject is given in Table 2 . Figure 1 shows all the single EE measurements by study. The range of EE was between 7 and 17 MJ per day in the majority of studies. A wider range was seen in one study of pregnant women (Study 24) and a wider range and higher absolute expenditure in cyclists in the Tour de France (Study 32) and Gambian labourers (Study 27).
The studies fell into three groups. Studies 1 to 9 were of free-living subjects. There were no systematic differences in mean EE between measurements. In Studies 10 to 18 activity was either enhanced or limited by the study protocol in at least one arm of the study. The third group included those studies with marked changes in body weight (Studies 19 to 21), change of physiological status (pregnancy or lactation, studies 22 to 25), third world labourers (studies 26 and 27), or elite athletes (studies 28 and 32).
The following information was extracted: sample size; sex; age; height; weight; EE measured by DLW; BMR, sleeping metabolic rate (SMR), or resting metabolic rate (RMR), all referred to as BMR after appropriate adjustment as described below. Where BMR was not measured or not available (Studies 25, 26, and 32) it was estimated from weight and height (Scho®eld, 1985) as modi®ed by the Department of Health (1991) for those aged over 60 y. PAL was calculated as EE:BMR. Where only one measured BMR was available, it was used to calculated EE:BMR from both EE measurements (Studies 4, 5, 28). The exception was study 21 where weight loss made the baseline measured BMR unsuitable for calculating subsequent EE:BMR and the use of Scho®eld BMR was deemed inappropriate since there was signi®cant difference between the measured and Scho®eld BMR at baseline.
Basal Metabolic Rate
The technique used for the measurement of BMR varied. Some studies used a whole body calorimeter and others a metabolic cart with ventilated hood. Some studies involved an overnight stay and others involved travel to the centre on the morning of measurement. Information about measurement conditions was limited. Most authors speci®ed the time of the last meal and the ambient temperature, but the state of energy balance and the stage of the menstrual cycle were rarely noted. SMR was the preferred measurement from one group of workers; this was multiplied by 1.05 to obtain BMR (Goldberg et al, 1988) . All other BMR and RMR were accepted as reported and used as BMR in calculations.
DLW Technique
Most source references described details of the technique as employed in that laboratory. The DLW technique, together with methods of calculation, validation studies, and estimates of potential errors, has been fully described elsewhere (IDECG, 1990; Speakman, 1997) . The analytic Figure 1 Distribution of individual data points in each study ranked by sex and mean study EE.
Within-subject variation in energy expenditure AE Black and TJ Cole precision of the method is generally accepted to be AE 4 ± 5%. DLW measurements were accepted as reported.
Statistical methods
Subject means, within-subject standard deviations (SD w ) and coef®cients of variation (CV w ) were calculated from all measurements available for each subject. The mean CV w for each study was calculated as the root mean square of individual subject CV w . Between-subject standard deviation (SD b ) and coef®cient of variation (CV b ) were calculated as Tables  3 and 4 since it cannot be a negative value.
The in¯uence of various factors on the within-subject coef®cients of variation for both EE and PAL (CV wEE and CV wPAL ) was examined using multiple regression analysis on study means after log transformation. The factors included were: sex, mean age, mean EE, mean PAL, weight change,`time span',`exercise constraint' and`special' situations. They were de®ned as follows Weight change (maximum weight 7 minimum weight), the weights being those noted at the time of each DLW measurement. Where only one weight had been recorded, weight change was taken as zero. `Exercise constraint' was de®ned as free-living (1), activity constrained to be the same in each arm of the study (2), or activity constrained to be different in each arm of the study (3). `Time span' was de®ned as the time in weeks between the start of the ®rst DLW measurement and the end of the last DLW measurement. `Special' was de®ned as normal free-living (1), reproduction (pregnant or lactating) (2), third world (3), or athletes (4).
Plots of the data identi®ed studies 26 and 32 as outliers for CV wEE and studies 18 (males) and 10 (males) as outliers for CV wPAL . These were excluded from the relevant analysis. Studies 26, 27, 28, and 32 (third world and athletes) were excluded from both analysis as not relevant to the general population, but retained in Tables 3 and 4 for information.
Results
Within-subject variation in EE and PAL
The mean and CV w for EE for each study (sexes separately) are shown in Table 3 . Multiple regression showed a positive association between the`time span' covered by the DLW measurement and CV wEE . There was a small association with`weight change' and with`reproduction', The mean and CV w for PAL are shown in Table 4 . Multiple regression found a positive association between the`time span' covered by the DLW measurement and CV wPAL . The regression equation was sn g wev spn9 in weeks Â HXHHUR PXPI sXeX of oeffiient HXHHQY t PXRH Table 5 shows the predicted CV w based on the regression equations as a function of`time span' for both EE and PAL.
Between-subject variation in EE and PAL The total between-subject variation in energy expenditure (CV tEE ) and the`true' between-subject variation (CV bEE ) calculated from the total and the within-subject variation are shown in Table 3 . The pooled mean of the study values (Studies 1 ± 21) was 11.8% for CV wEE and 13.0% for CV tEE giving an estimate for CV bEE of 10.6%. (The excluded studies 22 ± 32 are the special situations of reproduction, third world studies and elite athletes.) The total between-subject variation in PAL (CV tPAL ) and the true between-subject variation (CV bPAL ) calculated from the total and the within-subject variation are shown in Table 4 . The pooled mean of the study values (Studies 1 ± 20) was 12.3% for CV wEE and 10.7% for CV tEE giving an estimate for CV bEE of 7.2%.
The 95% con®dence limits of EE derived from studies 1 to 21 according to the same 14 age ± sex groups as used in a previous DLW analysis are shown in Table 6 . Although the numbers were small, the ®gures obtained were broadly comparable with those previously suggested , namely, a lower limit for normally active lifestyle of 1.35 and possible upper limit for a sustainable active lifestyle of 2.4.
Discussion
There are limitations to the data on which this analysis is based. The majority of studies were conducted on small numbers of selected subjects who were predominantly Within-subject variation in energy expenditure AE Black and TJ Cole volunteers to local publicity and employed in white collar occupations. The majority of subjects were in the age range 20 to 40 y. There was an absence of younger and older persons and those engaged in manual occupations. These categories of persons certainly differ in total EE. However, they do not necessarily differ in variability of activity with time. The variability in activity (CV w ) of the studies included was wide (range 2.3 to 24.3%). However, there was little information available on activity patterns other than specifying the nature of imposed activities. It was impossible therefore to determine whether variation in DLW EE derived from subtle variations in the activities of daily living or from occasional periods of intense activity or heavy work. Nor was it possible to associate particular lifestyles with low or high variability. Studies with imposed exercise schedules were included to investigate whether the variation was greater in these studies than in free-living studies, and also on the grounds that entering and leaving formal ad hoc exercise programmes is part of our culture. However, there was no signi®cant association between CV w and the`exercise' variable, suggesting that the variability between`sedentary' and`exercise' conditions was similar to the normal variation in free-living activity.
Comparison with other studies
The precision of the DLW technique derived from propagation of error analysis (Cole & Coward, 1992 ) is of the order of 4 ± 5%. A similar ®gure has been obtained from validations against whole body indirect calorimetry under well controlled conditions in a metabolic chamber (IDECG, 1990) . However, in ®eld conditions precision is lost due to errors including changes in background isotope levels, errors in dosing or the handling and analysis of urine samples and inherent biologic variation apart from that due speci®cally to activity. Goran et al (1994) sought to establish ®eld precision (excluding changes in activity) by undertaking repeat measurements on six young men who were con®ned to a metabolic facility, fed a constant weight maintenance diet and required to be totally sedentary, physical movement being limited to that necessary for personal care and hygiene. The sedentary nature of the protocol was con®rmed by the measured study EE:BMR ratio of 1.15. The total CV wEE was 8.4%. Analytic variation was estimated from propagation of error analysis to be 6%, and thus the inherent biologic variation was calculated to be 6% (square root of (8.4 2 ± 6 2 ). Schoeller & Hnilicka (1996) made repeat measurements on six free-living female nutritionists six months apart. Total CV wEE was 7.8%, analytic precision determined from repeated analyses of the urine samples was 4.5% and thus inherent biologic variation was calculated to be 6.4%. Schoeller & Hnilicka (1996) also reviewed the within-subject variation in 15 other studies and calculated the inherent biologic variation to average 8%.
The primary concern of the above authors was to establish the precision of the DLW technique itself. In reviewing other studies therefore, Schoeller & Hnilicka (1996) calculated the within-subject variation as variation about the systematic changes in EE due to the treatment effects of the study protocols. The aim of the present analysis was to establish the variation in repeat DLW measurements in full ®eld conditions including not only analytic and inherent biologic variations, but also that due to changes in diet, weight, season, and activity. This is important for the purposes of EI validation studies, since a single DLW measurement may sample an individual at any time in a variable lifestyle. The mean CV w for individual studies were, as expected, larger than the ®gure of 7 ± 8% found by the other authors. However, the multiple regression analysis found the major in¯uence on CV w to be the length of time between measurements and the value obtained from the regression equation for zero time, equivelant to analytic plus inherent biologic variation, P wis ad where d is the number of days of dietary assessment by diet recall or record. For methods claimed to measure`habitual' intake (diet history or food frequency questionnaire), d is taken as in®nity. Combined CV w is then equal to CV wEE .
Where EE and EI are measured concurrently and assumed to be in balance, or the diet method measures habitual' intake, only the CV wEE equivelant to the analytic plus inherent biologic variation need be included i.e. the ®gure at zero time span of 8.2 percent. Although it could be argued that energy balance is not expected within the usual time span of a dietary assessment and that a ®gure should be used for CV wEE that also includes variation due to changed activity, there is little guidance for choosing a ®gure. Values obtained in the studies included in the present analysis varied widely and could not be associated with a particular lifestyle. However, where EE and EI are not measured concurrently, thena ®gure for the variation appropriate to the time span can be used.
Mean CV wEI ranging from 14 to 45 percent with an average of 23 (SD 6) percent have been reported in two reviews of dietary studies (Bingham, 1987; Nelson et al, 1989) . Table 7 illustrates the con®dence limits for varying combinations of CV wEI , d and CV wEE . They range from AE 15% to AE 32%. This implies that only gross underreporting can be detected. However, gross underreporting is common. In data combined from 21 DLW studies totalling 489 subjects, EI:EE was within AE 15% limits for only 33% of subjects while 33% lay outside AE 32% limits. Identifying these worst cases should help in the investigating the characteristics of under-reporters and the in¯uence of bias on conclusions drawn from dietary studies.
Minimum and maximum PAL for`habitual' lifestyle?
The lower and upper 95% con®dence limits of the PAL distribution in the present analysis (Table 6 ) were 1.23 to 2.19. Those from the previous analysis of single measurements (Black, 1996) were 1.14 to 2.26. Thus the distribution has been marginally narrowed by using the mean of repeated measures rather than single measurements. Values of 1.2 or less have been found in totally sedentary subjects (Goran et al, 1994; Prentice et al, 1989 ) and 1.35 from a review of calorimetry studies with inactive protocols (Goldberg et al, 1991a) . At the other extreme, a value of 2.4 has been reported in soldiers on active service (Burstein et al, 1996) . In the present analysis, the upper limit for women was 2.0. It remains uncertain whether the differences between men and women are real or an artefact of the selection of subjects of DLW studies.
Conclusion
The analysis supported previous estimates of about 8% for within-subject variation in DLW measurements including analytic plus inherent biologic variation. Variation that included changes in weight season and activity increased with increased time between measurements to about 15% at a time span of 12 months. Con®dence limits of agreement between EE and reported EI were estimated to range from AE 20% to AE 40%. The range of usual EE for normally active persons was estimated to range from 1.3 to 2.0 in women and 2.4 in men; these values were similar to previous estimates. Goran et al, 1993 9 Men, light occupations (4 civil servants, 2 lab technicians, 1 student, 1 geo-chemist, 1 engineer).
Selected for a range from non active to very active leisure. EE measured over 10 d in summer (Jun ± Aug) and winter (Feb ± Mar) in Aberdeen. d Wt 0.0 kg, two subjects increased and four decreased EE in winter. Studies with controlled activity 10 Adolescents con®ned to a metabolic facility, two periods of experimental diet. Baseline EI (days 0 ± 8) 1.61 6 BMR. Overfeeding EI (days 9 ± 22) 2.45 6 BMR. EE measured over the de®ned feeding periods. No control on activity. d Wt 2.6 kg, range 0.88 ± 3.55 kg (P`0.0001).
6M 3F
2 Days 1 ± 8 and 9 ± 22 2.56 3.32 14.6 (13 ± 19) 15. 3 Bandini et al, 1989 11 Adult men. EE over 9 d during two identical inpatient periods. EI maintained constant. Totally sedentary living conditions imposed (con®ned to their room and moved around by wheelchair when necessary). Appendix cont.
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